Gene duplication is the primary source of new genes. Duplicate genes that are stably preserved in genomes usually have divergent functions. The general rules governing the functional divergence, however, are not well understood and are controversial. The neofunctionalization (NF) hypothesis asserts that after duplication one daughter gene retains the ancestral function while the other acquires new functions. In contrast, the subfunctionalization (SF) hypothesis argues that duplicate genes experience degenerate mutations that reduce their joint levels and patterns of activity to that of the single ancestral gene. We here show that neither NF nor SF alone adequately explains the genome-wide patterns of yeast protein interaction and human gene expression for duplicate genes. Instead, our analysis reveals rapid SF, accompanied by prolonged and substantial NF in a large proportion of duplicate genes, suggesting a new model termed subneofunctionalization (SNF). Our results demonstrate that enormous numbers of new functions have originated via gene duplication.
G ENE duplication is believed to be the primary NF-II. In recent years, an alternative to the NF hypothesis termed the subfunctionalization (SF) hypothesis has source of new genes (Ohno 1970) and "evolution by gene duplication" has emerged as a general principle been developed. The SF hypothesis argues that ancestral functions of the progenitor gene are partitioned beof biological evolution, evident from the prevalence of duplicate genes in all sequenced genomes of Bacteria, tween the duplicates so that the joint levels and patterns of activity of the duplicates are equivalent to that of Archaea, and Eukaryota (reviewed in Zhang 2003) . Population genetic theories predict that an entirely redunthe progenitor gene (Hughes 1994; Force et al. 1999; Stoltzfus 1999) . It should be noted that there are dant duplicate copy cannot be maintained in the genome for a long time, as deleterious mutations will several versions of the SF hypothesis depending on the meaning of "gene function." For example, Hughes accumulate and render the gene nonfunctional. The only exception may be the concerted evolution among (1994) meant protein function when he formulated the SF hypothesis, whereas Force et al. (1999) emphasized certain duplicate genes for which a larger amount of gene product is beneficial (Zhang 2003) . In other words, the pattern of gene expression when they proposed SF. Lynch and Force (2000) further formulated their SF functional divergence between duplicates is usually rehypothesis mathematically in a so-called "duplicationquired for their long-term retention in the genome.
degeneration-complementation (DDC)" model. Because The evolutionary process of this divergence, however, gene function includes both gene expression and prois not well understood. The neofunctionalization (NF) tein function, we do not attempt to differentiate the hypothesis proposes that after duplication one daughter different forms of SF in this work. gene retains the ancestral function while the other can Several authors have attempted to test the NF and gain novel functions (Ohno 1970) . In Ohno's view, the SF hypotheses at the genomic level by comparing the duplicate gene that eventually acquires new function nucleotide substitution rates of duplicate genes (Van experiences a period of complete functional relaxation,
de Peer et al. 2001; Kondrashov et al. 2002;  Kellis et behaving like a pseudogene (Ohno 1973) . This, howal. 2004 ). Their results were equivocal because the two ever, does not have to be the case during NF. We therehypotheses do not make contrasting predictions on subfore consider a broader NF hypothesis in which the stitution rates. For example, asymmetric evolutionary gene acquiring new function may retain all (NF-I), none rates between duplicates have been used to support NF (NF-II), or some (NF-III) of the ancestral functions (Fig-(Kellis et al. 2004) . But this observation can also be ure 1). Ohno's (1973) NF model is represented by our explained by asymmetric SF because the two daughter genes could have inherited different numbers of ancestral functions and thus could be under different levels 1 use of other cutoffs did not change our results as the two synonymous substitution rates) in both daughter genes groups were similar in general.
immediately after duplication led some to reject the NF It is generally agreed that an ancestral function of a progenihypothesis (Kondrashov et al. 2002) , although a certain tor gene will be retained in at least one of the daughter genes degree of functional constraint is compatible with a after duplication and that shared functions between duplicates broader NF model (e.g., NF-I and NF-III in Figure 1 ). The human protein data containing 28,681 sequences were confirmed nuclear genes (CNG). All (6402 ORFs)-against-all downloaded from NCBI. All-against-all BLASTP (E ϭ 0.1) was BLASTP searches were carried out with E ϭ 10 Ϫ20 as the cutoff, carried out to identify 3283 singletons, including 515 that and the reciprocal best hits that both appear in CNG were were found in the gene expression data. A total of 1230 pairs regarded as duplicates. After removing transposable elements, of duplicate genes that appeared in the expression data were 625 duplicate gene pairs were found. To identify singleton identified by Makova and Li (2003) and the d S values were genes, all-against-all BLASTP searches were conducted with estimated by these authors using PAML. E ϭ 0.1 as the cutoff. A total of 1022 members of CNG were found to have no nonself hits and were regarded as singletons for further analysis.
Yeast protein-protein interaction data were obtained from RESULTS MIPS and from the high-confidence subset of interaction data Analysis of yeast protein-protein interaction data: To compiled by von Mering et al. (2002) 
Absolute difference between a 1 and a 2 min (a 1 , a 2 )
The smaller of a 1 and a 2 max (a 1 , a 2 )
The bigger of a 1 and a 2 d S No. of synonymous substitutions per synonymous site between a pair of duplicates
The number of interaction partners is substituted by the number of expression sites when human gene spatial expression pattern is concerned. appeared in our protein interaction data set and these parametric Mann-Whitney U-test (P Ͻ 0.0001). This observation is inconsistent with the pure SF model and genes were subjected to further analysis.
For a given pair of duplicates, let a 1 and a 2 be the indicates the occurrence of NF. To estimate the speed with which NF occurs, we comnumbers of interaction partners for each of them, and let s be the number of shared partners between them puted the number of synonymous substitutions per synonymous site (d S ) between duplicate genes. Because (Table 1) . Thus, t ϭ a 1 ϩ a 2 Ϫ s is the total number of partners for the pair. Immediately after gene duplicasynonymous changes are largely neutral and occur at an approximately constant rate, d S is widely used as a proxy tion, the two daughter genes have the same interaction partners. Under the SF model, each daughter gene gradfor time (Lynch and Conery 2000; Wagner 2001; Gu et al. 2002; Papp et al. 2003) . However, because estimates ually loses partners, but t remains constant over time (Figure 1 ). Furthermore, t should equal the number of of d S Ͼ 1 are associated with large stochastic errors and t varies substantially among duplicate pairs, we grouped partners that the progenitor gene had before duplication. We found that the mean t for duplicate genes is the 331 gene pairs into four bins according to d S (see materials and methods). We found that t and d S are 8.57 Ϯ 0.64, which is significantly greater than A ϭ 4.69 Ϯ 0.30, the number of interaction partners that positively correlated (Spearman's rank correlation coefficient r ϭ 0.14, n ϭ 331, P ϭ 0.01). Furthermore, the an average singleton gene has (P Ͻ 0.0001, t-test). The statistical significance was further confirmed by the nonmean t per bin increases with d S (linear correlation r ϭ ). Furthermore, the median for the 1, mean t is 7.07 Ϯ 0.85, ‫%15ف‬ higher than A, suggesting gain of numerous new protein partners by this time.
duplicate gene distribution (5) is much closer to the singleton-pair distribution (6) than to the singleton disAn earlier study established that d S ϭ 1 corresponds approximately to a gene age of 100 million years (MY) tribution (2; Figure 2b ). These results show that the larger number of partners for duplicates than for singlein yeasts (Wolfe and Shields 1997) . Thus, our results suggest that many new protein interactions have tons is not due to the presence of a few outliers, but reflects a general trend for most duplicate genes. emerged 25-100 MY after duplication and that NF continues to occur even long after duplication (i.e., when Can NF alone explain the observed protein interaction pattern? As mentioned earlier, we consider three d S Ͼ 1). To compare duplicates with singleton genes, we randomly drew 4000 pairs of singletons with replace-NF models in which the duplicate gene that acquires new function could retain all, none, or some of the ment from our sample of 745 singletons and estimated that the mean t for singleton pairs was T ϭ 9.29 Ϯ 0.17.
ancestral functions, respectively (Figure 1 ). If all ancestral functions are retained by this gene (NF-I), s should Interestingly, for duplicates with d S Ͼ 20, the mean t is 9.16 Ϯ 0.80, virtually identical to T (P Ͼ 0.5, t-test), be a constant equal to the number of partners of the progenitor gene before duplication. That is, mean s for indicating that eventually the total number of partners for a duplicate pair is almost the same as that for two duplicates is expected to equal A. In fact, mean s ϭ 1.02 Ϯ 0.14, ‫%22ف‬ of and significantly smaller than A (P Ͻ singletons.
The observed high mean t in duplicates and the rejec-10
Ϫ14
, t-test), which strongly rejects the NF-I model. On the other hand, mean s is significantly Ͼ0 (P Ͻ 10 Ϫ11 , tion of the pure SF model for the genome as a whole could be due to a small number of outliers with huge t-test), suggesting that duplicate genes share partners. From the 4000 randomly chosen pairs of singletons, we NF. To examine this possibility, we compared the distributions of the number of partners for singleton genes, estimated that the mean s for singleton pairs is S ϭ 0.028 Ϯ 0.003, significantly smaller than the mean s for randomly paired singleton gene pairs, and duplicate gene pairs (Figure 2b ). The latter two distributions are duplicates (P Ͻ 10 Ϫ10 , t-test). We also compared the distribution of s for duplicates and for random pairs of much more similar to each other than each of them is to the first distribution. The duplicate gene data fit the singletons. Significant differences were observed regardless of whether duplicates with d S Ͻ 20 or d S Ͼ 20 singleton-pair distribution ( 2 ϭ 39.97, d.f. ϭ 17 after were considered (P Ͻ 10 Ϫ65 , 2 -test; Figure 2c ). The of NF in these relatively young duplicates. Since SF is completed when d S reaches 0.25, it may be inferred that finding that duplicates share more protein partners than random pairs of singletons do even long after duthe average I SF for all duplicates is ‫.5.0ف‬ This level of SF is substantial, as random partition of ancestral partners plication strongly rejects the NF-II model, which predicts s ϭ 0. The distributions of s (Figure 2c ) also indibetween a duplicate pair with t ϭ 5 and s ϭ 1 results in an expected I SF of 0.5. cate that the rejection of NF-I and NF-II is not due to a small number of outliers, because 35% of duplicates The demonstration of both NF and SF from the genomic data could be due to the presence of some genes vs. 2.4% of singleton pairs share partners. It is important to note that the mean s for the duplicates with d S Ͻ following NF and some other genes following SF. We think that this explanation is unlikely to be correct be-0.25 already reduces to 1.0, virtually identical to the mean s (1.1) for duplicates with d S Ͼ 20. This indicates cause it cannot explain the observation that the genomewide average number of protein interaction partners that the reduction of s by loss of partners has already been completed when d S reaches 0.25, in agreement per duplicate pair is equivalent to that for two singletons. Furthermore, it cannot explain the virtually maxiwith previous observations from fewer data (Wagner 2001) . There is no detectable difference in the propormum level of SF (as reflected by I SF ) observed for the genome-wide data. Rather, our observations suggest that tion of shared partners between duplicate genes with more partners and those with fewer partners.
the majority of duplicate genes undergo both SF and NF. Thus, we propose a new model termed SNF to Let us denote a 1 the number of partners for the gene retaining all the ancestral functions in the three NF account for the evolutionary changes in interaction partners after gene duplication. This model easily explains models and a 2 the corresponding number for the gene acquiring new functions. We observed an increase in the increase of mean t over time by NF and the decrease of mean s to a level that is between 0 and A by incomplete the mean t after d S Ͼ 0.25 (Figure 2a) , indicating the occurrence of NF after the completion of the loss of SF. This incompletion may have arisen from shared structural constraints between duplicates. Under genpartners in the second gene. Under the NF-III model, this will render the absolute difference between a 1 and eral models of SNF in which SF and NF occur more or less randomly between the two duplicates, max(a 1 , a 2 ) a 2 (␦ ϭ |a 1 Ϫ a 2 |) smaller for a period of time, because the deduction of a 2 by loss of partners has made it and ␦ should both be raised by NF after the end of the SF process, as observed in this study. Similar to NF-III, smaller than a 1 , and the subsequent increase of a 2 by NF will reduce the difference between them. However, the SNF model predicts an increase of min(a 1 , a 2 ) by continuous NF after the completion of SF. However, contradictory to the prediction of NF-III, mean ␦ increases steadily with d S (Figure 2d ). The linear correlagiven the same amount of rise in t, the increase in min(a 1 , a 2 ) is expected to be slower under SNF than tion between mean ␦ and the d S category is r ϭ 0.954 (P Ͻ 0.05) and the Spearman's rank correlation between ␦ under NF-III. This is because in SNF only 50% of NF is expected to occur in the gene with the smaller number and d S is r ϭ 0.15 (n ϭ 331, P ϭ 0.005). Furthermore, NF-III predicts that min(a 1 , a 2 ), the smaller of a 1 and of partners and to raise min(a 1 , a 2 ). By contrast, under NF-III, one daughter gene does not change at all while a 2 , should increase with d S under this condition because a 1 is constant and a 2 increases by NF. But this was not the other loses many partners and then gains new partners, leading to a situation where almost all NF will observed (Figure 2d) , as neither the linear correlation between mean min(a 1 , a 2 ) and the d S category (r ϭ raise min(a 1 , a 2 ). Given this comparison, the negligible increase in min(a 1 , a 2 ) is not incompatible with the SNF 0.450, P Ͼ 0.2) nor the Spearman's rank correlation between ␦ and d S (r ϭ 0.085, n ϭ 331, P Ͼ 0.10) is model, though a further test with more data is needed. Our results suggest that SF occurs rapidly after duplicasignificant. NF-III also predicts that max(a 1 , a 2 ), the bigger of a 1 and a 2 , should stay constant for a period of tion, as the mean s reduces from the expected value of 4.69 immediately after duplication to a final value of time after the first bin, because a 2 Ͻ a 1 due to loss of partners and a 1 does not change by NF. But max(a 1 , a 2 ) ‫1ف‬ before d S reaches 0.25. At that time, the mean t has increased by only 23%, and it continues to rise even was found to increase with d S steadily (Figure 2d ). The linear correlation between mean max(a 1 , a 2 ) and the d S when d S Ͼ 20, to a final value that is ‫69.1ف‬ times that before duplication. category is r ϭ 0.998 (P Ͻ 0.01) and the Spearman's rank correlation between max(a 1 , a 2 ) and d S is r ϭ 0.14 Analysis of human gene expression data: Although the protein-protein interaction data provide key infor-(n ϭ 331, P ϭ 0.01). Thus, NF-III is not supported by the observations. mation on gene function, temporal and spatial patterns of gene expression offer other important aspects of gene The rejection of all three NF models is due to the presence of SF. When there is no NF, the level of SF function. Furthermore, one version of the SF hypothesis was specifically proposed to explain the change in gene can be measured by I SF ϭ 1 Ϫ (s ϩ ␦)/t (see materials and methods). I SF varies from 0 for no SF to 1 when s ϭ 0 expression after duplication (Force et al. 1999 ). Therefore, it is necessary to evaluate the SF and NF models and a 1 ϭ a 2 . We estimated that I SF ϭ 0.51 Ϯ 0.08 for duplicates with d S Ͻ 0.25, after ignoring the small amount by examining genome-wide gene expression patterns in a multicellular organism. We analyzed a large data set that included the expression levels of 7565 human genes in 25 independent and nonredundant tissues (Su et al. 2002) . Using conventional criteria, we transformed the quantitative expression levels to discrete expression patterns (expressed or unexpressed). The expression patterns of 515 singletons and 1230 pairs of duplicate genes were analyzed. All the notations defined above can be used for the expression data if we replace the number of interaction partners by the number of expression sites. We found that the number of expression sites per duplicate pair (mean t ϭ 13.04 Ϯ 0.26) is significantly greater than that per singleton gene (A ϭ 8.85 Ϯ 0.43; P Ͻ 10 Ϫ17 , t-test; P Ͻ 0.0001, Mann-Whitney U-test). This rejects the pure SF model that predicts equal mean t and A. To examine how t increases over time since duplication, we again used d S between duplicates as a proxy for time [d S ϭ 1 in mammals corresponds to ‫052ف‬ MY after duplication (Kumar and Subramanian 2002) ]. To reduce random fluctuations, we grouped the duplicates into seven bins by their d S values (Figure 3a) . Each of the first six bins contains 100 pairs of duplicates whereas the seventh bin includes the remaining 630 duplicates. We lumped the final 630 gene pairs into one bin because their d S values are so large (Ͼ3.06) that their estimates have substantial variances. We found that t and d S are positively correlated (Spearman's rank correlation coefficient r ϭ 0.07, n ϭ 1230, P ϭ 0.01). Furthermore, the mean t per bin increases with d S (linear correlation r ϭ 0.647 between mean t and d S category, P Ͻ 0.03; Figure  2a ). In the first bin (0 Ͻ d S Ͻ 0.68, with a median of 0.18), mean t is 10.28 Ϯ 0.93, 16% greater than A. The second bin (0.71 Ͻ d S Ͻ 1.64, with a median of 1.35) has t-test) . This indicates that t-test), which strongly rejects the NF-I model. Figure 3a the loss of expression sites has been completed before shows that mean s declines quickly from the expected d S reaches 0.68. Under NF-II and NF-III, the continuous value of 8.85 right after duplication to ‫52.3ف‬ Ϯ 0.68 growth of t is entirely due to NF in the gene that first for the first bin (d S Ͻ 0.68). This value is no longer distinguishable from the mean s (P Ͼ 0.1, t-test) of any loses expression sites. Thus, these two models predict that min(a 1 , a 2 ) should continuously rise after the first to be misclassified as singletons due to the low power of BLAST in finding highly divergent paralogs. Furtherbin, to the expected value Min, which is the mean minimum for randomly picked pairs of singletons and is more, the evolutionary rate has at most a weak negative correlation with the number of interaction partners (Fraestimated to be 3.64 Ϯ 0.11. But, in fact, the mean min(a 1 , a 2 ) for the first bin is already 3.53 Ϯ 0.69, not ser et al. Jordan et al. 2003; Hahn et al. 2004 ) and the difference observed by Davis and Petrov (2004) significantly different from Min (P Ͼ 0.1, t-test; Figure  3b) . Furthermore, the two models predict that after the seems much too small to explain the twofold difference between mean t (for ancient duplicates) and A. No bias first bin ␦ ϭ |a 1 Ϫ a 2 | will decrease for a period of time and then increase as NF continues, but this was again in the comparison of expression sites between duplicate genes and singleton genes is expected because housenot observed. Instead, ␦ increases continuously with d S (linear correlation r ϭ 0.887 between ␦ and d S category, keeping genes (with high numbers of expression sites) and tissue-specific genes are known to have similar rates P Ͻ 0.01; Spearman's rank correlation r ϭ 0.09 between ␦ and d S , n ϭ 1230, P ϭ 0.001; Figure 3b ). Taken toof duplication (Zhang and Li 2004) . Nonetheless, it remains possible that our results have been biased quangether, none of the three NF models adequately describe the evolutionary patterns of human gene exprestitatively, if singleton genes and duplicate genes indeed have somewhat different properties (X. He and J. Zhang, sion. Rather, they are compatible with the SNF model with contributions of both NF and SF, for the same reasons unpublished data). But the bias, even if it exists, is unlikely to be large enough to alter our conclusions qualiaforementioned for the protein interaction data.
tatively. In the analysis, we also assumed that duplicate genes cannot independently acquire the same new func-DISCUSSION tions after duplication. Although this assumption may not be true for every duplicate pair, it is likely correct In this work we used functional genomic data to study the evolutionary mechanisms underlying the divergence for the majority of them. In fact, the negligible number of shared protein partners between random pairs of of duplicate genes. Because functional divergence may occur by either SF or NF, it is important to separate singletons (S ϭ 0.028 Ϯ 0.003) supports our assumption. For the gene expression data, however, our assumption them explicitly. Our results show that the pure SF or NF model is inadequate to explain the genomic patterns may be less robust due to the limited number of tissues and NF might have been underestimated. of protein interaction or gene expression for duplicate genes. Rather, a large proportion of duplicate genes Our analyses show that both SF and NF play prominent roles during functional divergence of duplicate undergo rapid SF, accompanied by prolonged and substantial NF. The large-scale protein interaction and gene genes and that most duplicate genes follow the new SNF model. Our results do not exclude the possibility that expression data likely contain some false-positive and false-negative errors. If the data are entirely random a minority of duplicate genes evolve by pure SF or pure NF. We found that SF occurs rapidly after gene duplicawithout any biological reality, we expect to see similar behaviors between duplicates and random pairs of sintion, whereas NF is a lengthy process that continues even long after duplication. Thus, the short-term retention of gletons. This, however, is not the case. For example, s is significantly higher in duplicate genes than in singleton duplicate genes in the genome is primarily due to SF, consistent with a much higher rate of degenerate mutapairs for the yeast protein interaction data (Figure 2c ) and ␦ is significantly lower in duplicate genes than in tions than beneficial mutations (Walsh 1995; Lynch and Force 2000) . Preservation of the duplicate genes singleton pairs for the human gene expression data (Figure 3b) . Most importantly, experimental errors, whether in the genome and partial functional relaxation caused by loss of ancestral functions subsequently provide the negative or positive, cannot generate the positive correlation between t and d S for either data set. In this work, opportunity for advantageous mutations, which can lead to new functions. The SNF model is supported by the several properties were compared between duplicate genes of different ages. This comparison would be bigenome-wide evolutionary pattern of regulatory sequences of duplicate genes in yeasts (Papp et al. 2003) . ased if duplicate genes of different ages represent different types of genes (in terms of gene function). Lynch
The model is also consistent with accelerated sequence evolution immediately after gene duplication (Ohta 1994; and Conery (2000) showed that duplicate genes destined to die usually die in a few million years after dupliLynch and Conery 2000; Van de Peer et al. 2001; Kondrashov et al. 2002) . Although this acceleration cation. Thus, except for a small number of genes in the first bin of Figure 2a (or Figure 3a) , duplicates analyzed may be explained by either reduction of purifying selection or action of positive selection (Zhang et al. 1998) , here are stably retained in genomes and they should be comparable. We also compared singleton genes with our observation of rapid SF suggests the former as the primary cause. This general pattern does not preclude duplicate genes in this work. A recent study in yeasts suggested that genes of low evolutionary rates are more the possibility of positive selection occurring immediately after duplication, as has been observed in a few likely to duplicate than those with high rates (Davis and Petrov 2004 
